
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Synthesizing high‑volume chemicals from CO2
without direct H2 input

Tao, Longgang; Choksi, Tej S.; Liu, Wen; Pérez‑Ramírez, Javier

2020

Tao, L., Choksi, T. S., Liu, W., & Pérez‑Ramírez, J. (2020). Synthesizing high‑volume
chemicals from CO2 without direct H2 input. ChemSusChem, 13(23), 6066‑6089.
doi:10.1002/cssc.202001604

https://hdl.handle.net/10356/145030

https://doi.org/10.1002/cssc.202001604

This is the accepted version of the following article: Tao, L., Choksi, T. S., Liu, W., &
Pérez‑Ramírez, J. (2020). Synthesizing high‑volume chemicals from CO2 without direct H2
input. ChemSusChem, 13(23), 6066‑6089. doi:10.1002/cssc.202001604, which has been
published in final form at https://doi.org/10.1002/cssc.202001604. This article may be used
for non‑commercial purposes in accordance with the Wiley Self‑Archiving Policy
[https://authorservices.wiley.com/authorresources/Journal‑Authors/licensing/self‑archiving.html].

Downloaded on 23 May 2023 10:51:08 SGT



REVIEW          

1 

 

Challenges and Opportunities in Synthesizing High Volume Chemicals from CO2 without Direct 

H2 Input  

Longgang Tao,[a] Tej S. Choksi,*[a] Wen Liu,*[a] and Javier Pérez-Ramírez*[b][c] 

[a] Drs. L. Tao, T.S. Choksi, and W. Liu, 

School of Chemical and Biomedical Engineering 

 Nanyang Technological University 

 62 Nanyang Drive, Singapore 637459, Singapore 

 Emails: longgang.tao@ntu.edu.sg, tej.choksi@ntu.edu.sg, wenliu@ntu.edu.sg 

 

[b] Prof. Dr. J. Pérez-Ramírez 

Institute of Chemical and Bioengineering, Department of Chemistry and Applied Biosciences 

 ETH Zurich 

 Vladimir-Prelog-Weg, 1, 8093 Zurich, Switzerland 

 Email: jpr@chem.ethz.ch 

 

  

mailto:longgang.tao@ntu.edu.sg
mailto:tej.choksi@ntu.edu.sg
mailto:wenliu@ntu.edu.sg
mailto:jpr@chem.ethz.ch


REVIEW          

2 

 

[c] Prof. Dr. J. Pérez-Ramírez 

Department of Chemical and Biomolecular Engineering 

 National University Singapore 

 4 Engineering Drive 4, Singapore 117585, Singapore 

  

 

 Supporting information for this article is given via a link at the end of the document. 

 
Abstract: Decarbonizing the chemical industry will eventually entail 

using CO2 as a feedstock for chemical synthesis. However, many 

chemical syntheses involve CO2 reduction using inputs such as 

renewable hydrogen. In this review, we discuss chemical processes 

that use CO2 as an oxidant for upgrading hydrocarbon feedstocks. 

The captured CO2 is inherently reduced by the hydrocarbon co-

reactants without consuming molecular hydrogen or renewable 

electricity. This CO2 utilization approach can be potentially applied to 

synthesize 8 emission-intensive molecules, including olefins and 

epoxides. We discuss catalytic systems and reactor concepts that can 

overcome practical challenges, e.g. thermodynamic limitations, over-

oxidation, coking and heat management. Under the best-case 

scenario, these hydrogen-free CO2 reduction processes have a 

combined CO2 abatement potential of ca. 1 gigatons per year and 

avoid the consumption of 1.24 PWh renewable electricity, based on 

current market demand and supply. 

1. Introduction 

In 2015, 81% of our energy consumption was derived from fossil-

based raw materials (coal, oil, and natural gas) with renewables 

and nuclear accounting for the remaining 19%.[1] Increasing fossil 

fuel consumption and unrestricted greenhouse gas emissions 

(GHG, primarily CO2) have led us significantly off-track from the 

pathway to mitigate climate change. To curb CO2 emissions whilst 

meeting the increasing energy demand, the balance between 

fossil-based and renewably sourced raw materials must undergo 

a paradigm shift. As illustrated in Figure 1, we envisage a future 

scenario where captured CO2, biomass, and recycled waste 

emerge as sustainable raw materials for manufacturing chemicals 

and fuels. Introducing these newer age feedstocks into the 

chemical supply chain will mandate the use of markedly different 

chemical processes, including new catalysts, new reactors, and 

new separation technologies.  

Among the sustainable raw materials, the conversion of captured 

CO2 is particularly important for developing a carbon circular 

economy via the carbon capture and utilization scheme (CCU).[2–

6] In particular, CCU offers a plausible decarbonization solution for 

regions with limited  CO2 sequestering potentials. Today, the 

chemical industry already consumes CO2 as a raw material for the 

production of important chemicals, such as salicylic acid, urea, 

polycarbonates, sodium bicarbonate, etc.[7] Most of these 

commercial CO2-to-chemical conversions are energetically 

downhill and do not involve change in the oxidation state of 

carbon. In fact, the production of carbonates and carbamates from 

CO2 represents the “low-hanging fruit” for implementing CCU.[8] 

On the other hand, the demand for CO2 by existing industrial 

processes is only 0.3% of the total amount emitted.[2] Therefore, 

building a carbon circular economy requires us to substantially 

broaden the pool of chemical syntheses that utilize CO2. Ideally, 

this pool should encompass chemicals with the highest energy 

intensities and the largest CO2 footprints. Recent successes in 

developing new CO2 utilization processes have been evident 

through pilot scale demonstrations of the production of C1 (CO, 

CH4, CH3OH) and C2 (oxalic acid) chemicals from CO2.[2] 

Meanwhile, the syntheses of multi-carbon products, e.g. higher 

olefins, oxygenates, and aromatic compounds remain at low 

technological readiness levels (TRL), owing to difficulties in 

controlling product selectivity and minimizing catalyst deactivation, 

e.g. by coking. The interested reader is directed to the following 

reviews and perspectives that discuss thermal-,[9] electo-,[10] 

photo-,[11] and plasma-catalysis[12] approaches for synthesizing 

C1 building blocks (e.g. CO,[10] CH4
[13] and CH3OH),[9] higher 

alcohols,[14] higher olefins,[15] and fuels[16] from CO2. Several 

reviews highlight the active site speciation of catalysts, [9] design 

principles for engineering selective active sites,[14] and reaction 
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mechanisms of CO2 reduction pathways.[9] Recent reviews by 

Otto et al.[3] and Burkart et al.[2] discuss the broad palette of 

chemicals that can be potentially synthesized from CO2.  

In contrast with synthesizing carbonates and carbamates, 

reactions in the broadened CO2-to-chemical scheme often involve 

reduction of CO2, e.g. by CO2 hydrogenation.[3] For the overall 

process to be carbon neutral or even carbon negative, the H2 must 

be produced from renewable sources, e.g. water electrolysis by 

renewable electricity. Today, only 0.1% of H2 consumed is 

produced from renewables, primarily owing to the prohibitively 

high cost: ‘green H2’ (produced by electrolysis using renewable 

electricity, at $6 per kg) is much more expensive than ‘grey 

H2‘ (produced from fossil fuels without carbon capture, at $1.6 per 

kg).[17] Indeed, a planetary boundaries analysis by Gonzalez-

Garay et al. showed that the high cost of renewable H2 is the 

principal factor making methanol production from CO2 

economically unattractive.[18] Tackett et al. argued that the 

efficiency of state-of-the-art water electrolyzers must increase by 

orders of magnitude before CO2 reduction by renewable hydrogen 

becomes commercially viable.[19] Additionally, the scale at which 

the captured CO2 needs to be reductively converted translates to 

an unrealistically high demand for renewable electricity.[6] 

Therefore, scalable solutions that transform CO2 to chemical 

products without direct H2 inputs are highly desirable.[20]  

Amongst the 18 most produced chemicals, which contribute to 

63% of energy consumption and 75% of GHG emissions of the 

global petrochemical industry,[21] eight of them can be potentially 

synthesized from captured CO2 without direct H2 input. With 

current industrial practices, the production of these 8 bulk 

chemicals, as quantitatively illustrated in Figure 2, corresponds to 

35% of energy used and 34% of the GHG emitted by the 

petrochemical industry in 2010.[21]

 
Figure 1. (a) Per capita energy consumption in 2015 was estimated to be ~ 2.5 kW (world population, 7.34 billion). (b) Per capita energy consumption in 2070 is 

forecasted to be ~3.4 kW (world population in 2070, 9.4 billion). The grand challenge of supplying this additional energy without increasing greenhouse gas (GHG) 

emissions will only be possible by introducing newer age feedstock like captured CO2, biomass, and recycled waste. 

 

Figure 2. (a) Energy consumption and production volumes of 8 large volume chemicals. (b) Global GHG emissions (Mt-CO2 equivalent) for these chemicals. Taken 

together, these 8 large volume chemicals emit 5.4 exajoules of energy (36% of energy consumption from the (petro)chemical sector) and emit 434 Mt-CO2 equivalent 

(35% of emissions from the (petro)chemical sector). Data adapted from Ref. [20]  

 

In the scheme outlined in Figure 3, bio-syngas is produced by dry 

reforming of biomass-derived methane, ethanol, glycerol, and 

pyrolysis oil. Methane can be obtained from the anaerobic 

digestion of organic waste. Fermentation of biomass or organic 

waste produces bio-ethanol. Glycerol is a co-product of bio-diesel 

production, whereas bio-oil is produced from the pyrolysis of 

biomass and biowaste. After upgrading (e.g. by water-gas-shift 

reaction), the bio-syngas can be used to synthesize green 

methanol, olefins, or liquid fuels. Furthermore, the methane 

obtained from biogas can react with CO2 to produce C2+ 

hydrocarbons through the oxidative coupling reaction (OCM). The 

process simultaneously generates CO and H2O for further 

chemical synthesis. Light alkanes that are synthesized either by 

OCM or extracted from shale gas can be dehydrogenated using 
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CO2 as a soft oxidant (CO2-ODH) to form olefins and CO. The 

ethylene and propylene produced by CO2-ODH can be either 

polymerized to polyethylene and polypropylene or oxidized to 

ethylene oxide and propylene oxide, respectively. The styrene 

produced by CO2-ODH of ethylbenzene is a key building block for 

the manufacturing of synthetic rubber. Ethylene and propylene 

oxides are combined with CO2 to synthesize cyclic carbonates 

and polycarbonates. These CO2 utilizing reactions are already 

widely deployed in the chemical industry today. Crucially, none of 

the processes highlighted in Figure 3 involves direct H2 input, 

thereby alleviating a critical techno-economic bottleneck. In the 

context of the proposed scheme, the captured CO2 serves two 

functions: (i) reducing the GHG footprint by creating carbon-

circular production routes and (ii) functioning as a soft oxidant. 

This review is organized according to the following sections. In 

section 2, we provide an overview of the processes shown in 

Figure 3, and discuss the thermodynamics of different classes of 

CO2 reduction reactions, viz. (i) dry reforming of bio-feedstocks, 

(ii) oxidative dehydrogenation of alkenes by CO2, (iii) oxidative 

coupling of methane using CO2, (iv) alkene epoxidation and its 

subsequent conversions using CO2 and (v) direct CO2 coupling to 

CH4 to make carbonyls. In section 3, we review the development 

of catalysts for the reactions classified above, with a special 

emphasis on catalyst design principles to mitigate coking and 

suppress undesired side reactions such as C-C scission. Besides 

the need for catalysts with high activity, selectivity and durability, 

the high energy demand associated with separating multiple gas 

phase products (e.g. alkanes, alkenes, CO2 and CO) must also 

be addressed. Section 4 illustrates how reaction engineering 

approaches can possibly (i) circumvent certain thermodynamic 

limitations and (ii) achieve product separation with low parasitic 

energy penalty. Since this paper focuses on H2-free CO2 

utilization and collectively discusses reaction thermodynamics, 

catalyst requirements, and reaction engineering, it is 

complementary to existing reviews which are largely themed on 

engineering catalysts for H2-based CO2 utilization and high-level 

CCU pathway analysis.[2,3,22,23] 

Figure 3. Synergistically combining captured CO2, with biomass, waste, and existing hydrocarbon resources to produce 8 large volume chemicals (purple font). All 

processes discussed here employ captured CO2 as a raw material. Crucially, in these processes CO2 is reduced without any direct addition of hydrogen. Using CO2 

as a feedstock and avoiding green hydrogen substantially contribute to decreasing the GHG footprint for manufacturing these large volume chemicals. CO produced 

from CO2 reduction is shown in brown while flow streams for H2O are not shown. 

 

2. Process description and thermodynamics 

2.1. Dry reforming of biofuel 

Most commonly, the oxidation of hydrocarbon feedstocks by CO2 

yields syngas via CO2 reforming, also known as dry reforming. 

When renewable hydrocarbon feedstocks (e.g. biomass and 

biofuels) are used, dry reforming can be considered a net CO2 

negative process.[24] Here, we discuss the dry reforming of three 

highly representative bio-derived molecules, viz. methane, 

ethanol and glycerol: 

CH4 + CO2 = 2CO + 2H2  H298 K = 247 kJ mol-1 (1) 

C2H5OH + CO2 = 3CO + 

3H2  

H298 K = 297 kJ mol-1 (2) 

C3H8O3 + xCO2 = (3 + x)CO + (4 – x)H2 + xH2O  
 H298 K = 251+41x kJ mol-1 (3) 
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where x, the ratio of CO2 to bio-glycerol in Equation (3) can take 

any value between 0 and 5. In all cases, the composition of the 

product syngas is also affected by the water-gas-shift reaction 

(WGS): 

CO + H2O ⇌ CO2 + H2 

 

 H298 K = -41.2 kJ mol-1 (4) 

Figure 4. Calculated equilibrium conversion of bio-derived feedstocks (viz. methane, bio-ethanol and bio-glycerol) and CO2 and equilibrium yield of H2, CO and 

carbon, when coking is completely hindered (top) or unhindered (bottom). The blue, red, yellow, purple and green lines represent fuel conversion, CO2 conversion, 

H2 yield, CO yield and carbon yield, respectively. In the case the dry reforming of glycerol (DRG), a CO2 : glycerol ratio of 1 is used. In the case of DRG with coking, 

the CO2 conversion reaches below zero, implying more CO2 is produced than fed, doing to the water-gas-shift reaction.  

Because of the existing review articles dedicated to the dry 

forming of methane (DRM), e.g. Ref. [25,26], we only present a 

brief discussion in the context of CCU, i.e. when bio-methane 

(from biogas and landfill gas) is used as the feed. The analysis by 

Artz et al. suggests that, each metric ton of bio-syngas produced 

by an optimized DRM process has a CO2 abatement potential of 

0.52 t-CO2, whereas 1 t of syngas produced from fossil fuels has 

a positive CO2 footprint of 1.5 t.[23] In 2017, the global production 

in biomethane has reached 3 billion m3,[27] which represents a 

substantial potential for CO2 utilization. Figure 4 plots the 

equilibrium conversion of CO2 and various biofuels with and 

without carbon deposition. From Figure 4, we see that, the high 

endothermicity of DRM limits the conversion at low temperatures. 

To obtain high single-pass syngas yields, DRM should be 

conducted above 800 °C. For industrial production, DRM may be 

carried out in a facility similar to a commercial steam reformer or 

using the novel reactor designs described in Section 4.  Carbon 

deposition (coking) is arguably the predominant factor preventing 

the large-scale deployment of DRM. Therefore, the majority of the 

recent researches on DRM catalysts focus on the complete 

elimination of coking.  

Bio-ethanol, which was produced at 103 million m3 in 2017,[28] can 

be derived from biomass sources such as wood wastes and 

agricultural crops.[29] Therefore, the dry reforming of bio-ethanol 

(DRE), is a scalable and sustainable means to reduce CO2 

emissions.[30] DRE is more endothermic than DRM and can 

achieve near 100% conversion at temperature as low as 500 °C 

(see Figure 4). At high temperatures, ethanol spontaneously and 

rapidly decomposes to methane, acetaldehyde, ethylene, etc., 

which are subsequently reformed to syngas.[31] Similar to DRM, 

carbon deposition presents a major challenge to the process 

stability of DRE. On the other hand, because bio-ethanol is a 

highly functional molecule, using it to produce syngas may not be 

the most cost-effective option cf. its direct use as a bio-fuel or its 

catalytic conversion to C2+ chemicals.[32] Therefore, comparative 

technoeconomic and life cycle analyses are required to verify the 

benefits of adopting DRE over competing applications which use 

bio-ethanol. 
Glycerol is a by-product of biodiesel production and accounts for 

~10 wt.% of the product mixture from the trans-esterification of 

animal-based or vegetable oils in the presence of methanol or 

ethanol.[33] Owing to the high demand for renewable 

transportation fuels, the production of biodiesel will continue to 

grow, accompanied by a rise in bio-glycerol production.[34] In 2020, 

the global supply of glycerol is projected to reach 7.5 Mtpa.[35] 

Therefore, the effective utilization of bio-glycerol beyond its 

present applications in the chemical industry is of great practical 

interest.[36,37] As a biomass-derived feedstock, bio-glycerol can be 

used in the dry reforming process (DRG) to convert CO2 to 

syngas.[38] Because of the high oxygen content of the glycerol 

molecule, DRG has an equilibrium conversion of 100% even at 

room temperatures. The addition of CO2 reduces the H2:CO ratio 

in the product due to RWGS. When carbon deposition is 

completely unhindered, the substrate conversion and product 

yield of DRG follow the same trend as those of DRM and DRE, as 

exemplified by Figure 4 for the case of CO2:glycerol feed ratio of 

1. The equilibrium conversion and yield, calculated at other CO2: 

glycerol ratios, are shown in Figure S1 (Supporting Information). 

Like in other dry reforming processes, carbon deposition is severe, 

especially at low reaction temperatures. Also, similar to the case 
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of bio-ethanol, the use of bio-glycerol for syngas production over 

competing bio-glycerol valorization processes (e.g. cyclic 

carbonates, poly-ethers, diols and epoxides) needs to be 

economically and environmentally justified.[39] 

The fast pyrolysis of biomass to produce bio-oil with flexible 

operability is considered an attractive approach to improve the 

energy density of biomass for storage and transportation.[40,41] 

The subsequent reforming of bio-oil represents a promising and 

economically viable method for producing bio-syngas from mixed 

biomass feedstocks.[42] Amongst the various possible process 

configurations, dry reforming of bio-oil (DRBO) enables the 

simultaneous reduction of CO2 and valorization of biomass. 

Owing to the complex nature of bio-oil, the thermodynamics of 

DRBO is not explicit calculated. Given the high oxygenate content 

of bio-oil, the thermodynamics of DRBO shoulw follow trends 

similar to those of DRE and DRG (Figure 4). 

2.2.  Oxidative dehydrogenation of alkanes in CO2 

Light alkanes are considered abundant, low-cost and low-value 

components in natural gas and shale gas. Owing to their lack of 

chemical functionality, oil and gas industries flare large quantities 

of unutilized alkanes, resulting in significant CO2 emissions. For 

decades, light alkane dehydrogenation has been studied as an 

alternative to naphtha cracking for the production of light olefins. 

The dehydrogenation of alkyl aromatics to aromatic alkenes is 

also highly industrially relevant. In fact, more than 90% of styrene 

is produced by the direct dehydrogenation of ethyl benzene in the 

presence of excess steam over an iron oxide catalyst.[43]  

Figure 5 plots the equilibrium conversion and selectivity, 

calculated by Gibbs free energy minimization, for the 

dehydrogenation of ethane, propane and ethylbenzene without 

any oxidant (DDH), with stoichiometric amount of CO2 (CO2-ODH), 

and with stoichiometric amount of O2 (O2-ODH). At 1 atm and 

600 °C (typical temperature for alkane dehydrogenation), the 

equilibrium yields of ethylene, propylene, and styrene by the DDH 

of ethane, propane, and ethylbenzene are 18%, 48%, and 41%, 

respectively. An oxidant, e.g. O2 or CO2, can remove the product 

H2 and shift the equilibria of the ODH to improve alkane 

conversion. Contrasting O2-ODH, which consumes the hydrogen 

co-product to form water, CO2-ODH simultaneously achieves 

alkane dehydrogenation and CO2 hydrogenation via RWGS: 

C2H6 + CO2 = C2H4 + CO + H2O H298 K = 178 kJ mol-

1 

(5) 

C3H8 + CO2 = C3H6 + CO + H2O H298 K = 166 kJ mol-

1 

(6) 

C8H10 + CO2 = C8H8 + CO + H2O  

 H298 K = 160 kJ mol-

1 

(7) 

In addition, the ODH of n-butane to butadiene: 

C4H10 + 2CO2 = C4H6 + 2CO + 2H2O  

 H298 K = 318 kJ mol-1 (8) 

also has considerable CO2 reduction potential, given the annual 

demand for butadiene of 15.4 Mt.[44]  

Thermodynamically, the formation of CO by dry reforming limits 

the equilibrium selectivity of ethylene, propylene, and styrene to 

50%, 60%, and 80%, respectively. Therefore, promoting the 

activation of CO2 and suppressing the unselective C-C cleavage 

of alkanes are the key challenges in the development of CO2-

ODH processes amenable to large-scale implementation. 

Furthermore, CO2-ODH is highly endothermic and energetically 

less favorable than O2-ODH. To address this issue, Xu and 

Moulijn proposed hybridizing O2-ODH and CO2-ODH to balance 

the reaction heat, at the expense of compromised CO2 abatement 

potential.[22] 

Figure 5. Calculated equilibrium conversion of alkanes and selectivity of alkenes for the direct, CO2-oxidative and O2-oxidative dehydrogenation of ethane, propane, 

and ethylbenzene to ethylene, propylene, and styrene, assuming no side products other than COx. The calculations assume zero selectivity towards undesirable 

side reactions e.g. partial C-C cleavage (all C-C bond cleavage reactions other than dry reforming), C-C coupling and coking. 

2.3.  Oxidative coupling of methane in CO2 
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An alternative means of producing ethylene is by methane 

coupling to ethane, followed by ethane dehydrogenation. The 

overall reaction, in the absence of an oxidant, is: 

2CH4 = C2H4 + 2H2  H298 K = 202 kJ mol-1 (9) 

Similar to the dehydrogenation reactions discussed in 2.2, 

methane coupling can be enhanced by removing the H2 co-

product through the oxidative coupling of methane (OCM): 

2CH4 + O2 = C2H4 + 2H2O  H298 K = -280 kJ mol-1 (10) 

The oxidant will also suppress carbon formation.[45] 

Thermodynamically, the formation of CO and CO2 is 

overwhelmingly favored over C-C coupling. Therefore, it is crucial 

to develop catalysts that selectively activate only one C-H per 

methane molecule.[46] Furthermore, using oxidants weaker than 

O2 could potentially suppress over-oxidation and increase C2+ 

selectivity: [47]  

2CH4 + CO2 = C2H6 + CO + H2O  

  H298 K = 106 kJ mol-1 (11) 

2CH4 + 2CO2 = C2H4 + 2CO + 2H2O  

  H298 K = 284 kJ mol-1 (12) 

CO2-OCM brings several advantages. First, CO will be the only 

by-product. Second, CO2 does not trigger gas-phase radical 

reactions, making it easier to control the selectivity through 

heterogeneous catalysis.[47] Thirdly, the hydrogen co-product 

hydrogenates CO2 in situ, thereby achieving H2-free carbon 

reduction.  

2.4.  Production of epoxides, cyclic carbonates and 

polycarbonates using CO2 

In 2010, 21,000 and 7,500 kt of ethylene and propylene were 

oxidized into their respective epoxides.[21] These epoxidation 

processes are carried out using gas phase oxygen[48] and emit 37 

and 12 Mt-CO2 for ethylene oxide (EO) and propylene oxide (PO) 

production, respectively.[21] One way of reducing the CO2 footprint 

of epoxidation is to use captured CO2 as a soft oxidant, thereby 

transforming two of the top GHG emitting processes of the 

chemical industry into net-negative emission ones: 

Reactions (13) and (14) have been less studied than other CO2 

conversion processes. The most prominent efforts have been 

made by RTI International, who employ a proprietary mixed metal 

oxide catalyst for epoxidation at 300 °C, 20 bar pressure.[49] 

Additional details are provided in section 3.4.  

The epoxides produced can further react with CO2 to form cyclic 

carbonates and polymers, further enhancing the CO2-abatement 

potential of this synthesis pathway. Utilizing CO2 as a co-

monomer in polymer production can potentially offset 10-50 Mtpa-

CO2 equivalents.[5] Many of these cyclo-addition and 

polymerization reactions have already been widely deployed at 

commercial scale.[2,22] Cyclic carbonates are used as polar aprotic 

solvents, electrodes for lithium ion batteries and in polymer 

synthesis. Given the low demand for cyclic carbonate production 

compared to the bulk chemicals, these reactions are more 

suitable for transforming more decentralized sources of CO2 into 

high-value products.  

2.5. Direct coupling of CO2 to alkanes to form carbonyls 

C2+ carbonyls can be synthesized from syngas, e.g. via methanol. 

Despite the high TRL, the syngas-based synthesis route is energy 

intensive, hydrogen demanding and emits copious amount of 

CO2.[6] Alternatively, carbonyl compounds can be synthesized by 

directly coupling of  CO2 to alkanes and alkenes in a single 

process. This type of reactions have been discussed by Otto et 

al.[3] Amongst the bulk chemicals that are traded as commodities, 

acetone, acetic acid and acrylic acid  can be produced from direct 

CO2 coupling by: 

 

H298 K = 326 kJ 

mol-1 
(15) 

 

H298 K = 36.1 kJ 

mol-1 
(16) 

 

H298 K = 4.2 kJ mol-

1 
(17) 

With an atom economy of 100%, these reactions represent unique 

opportunities to synthesize functional chemicals from captured 

CO2, without consuming renewable hydrogen. 

Thermodynamically, most direct-CO2 coupling reactions are 

highly endergonic and unfavorable in conventional reactors. For 

example, with a 95% CO2 and 5% CH4 feed, the equilibrium yield 

of acetic acid at 727 °C and 100 atm is only 1.6 ×10-6. Therefore, 

the development of the direct CO2 coupling pathway requires (i) 

high performance  catalysts to selectively activate C-H bonds and 

facilitate C-C coupling and (ii) reactor configurations that 

circumvent the thermodynamic limitations. 

3. Catalytic systems 

The development of high performance catalysts is a rate limiting 

step for the technological advancement of all the CO2 utilization 

processes described above. In this section, we discuss the 

various catalytic systems, in the order from the most 

technological mature (viz. dry reforming) to the least (viz. direct 

CH4-CO2 coupling). Given the wide variety of TRLs of the 

processes covered, we focus our discussion differently, 

according to the research priority for each type of reactions. 

3.1. Dry reforming 

Because of the large number of elementary steps involved, the 

catalytic mechanism of the various dry reforming reactions 

remains debatable.[50] Depending on the operating conditions and 

type of catalyst. different rate limiting steps have been 

experimentally observed, further complicating the elucidation of 

the reaction mechanism.[51,52] Nevertheless, it is widely 

understood that a high-performance dry reforming catalyst must 

possess excellent activity towards (i) C-H cleavage and (ii) C=O 

bonds activation. While many catalysts can achieve high activities, 

carbon deposition remains the key obstacle preventing the dry 

reforming technology from becoming commercially mature. 

 

 

 H298 K = 178 kJ mol-1 (13) 

 

 

 H298 K = 168 kJ mol-1 (14) 
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Tables S1-S4 selectively feature the development of catalysts for 

the dry reforming of methane, ethanol, glycerol and bio-oil Here, 

we review recent advances in improving the performance of 

platinum group metal (PGM) and transition metal (TM) based dry 

reforming catalysts with a particular emphasis on mitigating 

coking. 

 

3.1.1. Noble metal catalysts 

 

Platinum group metals (e.g. Rh, Ru, Pd and Pt) are highly active 

for dry reforming, with good resistance against carbon deposition, 

but are considered too expensive for large scale 

commercialization.[26] The performance of PGM catalysts strongly 

depends on the size and morphology of the supported metal 

particles, metal-support interaction, surface reducibility and 

oxygen vacancy concentration.[53] With a typical loading of about 

1 wt.%, PGM particles smaller than 5 nm are desired for 

maximizing the density of exposed active sites while minimizing 

carbon deposition. Drif et al. [54] supported Rh catalyst on MxOy-

Al2O3 mixed oxides (M = Zr, Mg, Ni, Ce, La) for DRM and DRE. 

The best performing catalyst, Rh/NiO-Al2O3, contained the 

NiAl2O4 phase, which preserved Rh dispersion by preventing the 

migration of Rh into the alumina support. Silva et al.[55] 

investigated the performance of ceria supported Rh catalysts for 

DRE and observed the dissociative adsorption of ethanol on ceria, 

forming surface ethoxy species and bridging OH groups. The 

ethoxy species was then oxidized by O adatoms to form surface 

acetate, while Rh promoted the demethanation of acetate to 

carbonate and the reforming of the CHx species. Tavanarad et 

al.[56] impregnated PGMs (Rh, Ru, Ir, Pd and Pt) on MgO 

stabilized Al2O3 (with Mg/Al ratio = 7) and reported DRG reactivity 

in the order: Rh > Ru > Ir > Pd > Pt. The most active catalyst, 

Rh/MgAl2O4, showed increased glycerol conversion from ~50% to 

~90% as the temperature increased from 600 to 750 °C. Carbon 

deposition, often in the form of “carbon whiskers”, has been 

ubiquitously observed during DRG. Owing to the formation of 

carbon whiskers, the activity of the Rh/MgAl2O4 catalyst 

experienced a continuous decay over 14 h of DRG at 600 °C 

(CO2:glycerol = 1, GHSV = 15 000 cm3 g-1 

cat. h-1). 

Bac et al.[57] prepared Rh, Ni and Co catalysts supported on Al2O3-

ZrO2-TiO2 (AZT) and found Rh/AZT was the most active, followed 

by Ni/AZT and Co/AZT, during DRG at 600-750 °C, with a 

CO2/glycerol molar feed ratio between 1 and 4. Both Rh/AZT and 

Ni/AZT showed glycerol conversions approaching equilibrium 

limits and reasonable stability over 72 h TOS, whereas Co/AZT 

suffered from deactivation due to sintering, carbon deposition and 

oxidation of the Co active sites. Bulutoglu et al.[58] prepared Rh 

catalysts supported on CeO2 and ZrO2 and reported Rh/ZrO2 to 

be marginally more reactive for DRG than Rh/CeO2. On the other 

hand, Rh/CeO2 was significantly more stable than Rh/ZrO2, owing 

to suppressed carbon deposition by the more redox-active CeO2 

structure and the encapsulation of Rh particles by oxide 

overlayers through strong metal-support interaction (SMSI).  

Figure 6. Possible reaction mechanisms for (a) ethane dehydrogenation with CO2 on promoted Cr/SiO2 catalysts, reproduced with permission from Ref. [116] 

(Copyright American Chemical Society 2019) (b) CO2-ODHP over CrOx-modified mesoporous ZrO2 catalyst, reproduced with permission from Ref [117] (Copyright 

Elsevier 2019) (c) CO2-ODHE over a V2O5/Ce0.6Zr0.4O2-Al2O3 catalyst, reproduced with permission from Ref. [119] (Copyright Wiley-VCH 2011). 

 

3.1.2. Transition metal catalysts 

 

Substantial research efforts have been devoted to eliminating the 

use of noble metals by developing TM catalysts, most notably Ni. 

Although the Ni0 sites are active towards dry reforming, flat Ni 

surfaces are prone to carbon deposition and the subsequent 

deactivation. Minimizing the Ni particle size, e.g. below 2 nm, has 

been widely adopted as a strategy to mitigate carbon 

deposition.[59] However, the complete elimination of carbon 

requires more innovative, and somewhat unconventional 
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approaches. For example, Zhang’s and co-workers demonstrated 

that atomically dispersed Ni over hydroxyapatite (HAP) are highly 

resistant to coking during DRM. [60] Furthermore, doping Ce to 

HAP could induce strong metal-support interaction and stabilize 

Ni single atoms against sintering. The single atom Ni sites are 

also unreactive towards non-oxidative C-H bond cleavage to form 

surface carbon, rendering high activity and stability for 100 h TOS 

with negligible coking. Tang et al.[61] prepared a 

Ce0.95Ni0.025Ru0.025O2 catalyst consisting of two sets of single-atom 

sites, viz. Ni1 and Ru1, which are active towards CH4 oxidation to 

CO and CO2 reduction to CO, respectively. The dual single atom 

sites catalyst was found to be highly active for DRM with a H2 TOF 

of 73.6 s-1 at 560 °C.  

Ruckenstein et al. reported a Ni/MgO solid solution catalyst that 

demonstrated 91% and 98% conversion of CH4 and CO2, with 

stable performance over 120 h.[62,63] Other groups have also 

confirmed the promising performance of this Ni/MgO catalyst.[64–

66] More, recently, Song et al.[67] reported a Ni-Mo/MgO catalyst, 

on which the step edges of the MgO support is entirely covered 

by the Ni-Mo catalyst. By doing so, the carbon deposition was 

completely avoided, whilst showing extremely high DRM activity 

over more than 850 h of continuous operation at 800 °C under a 

GHSV of 60 L g-cat-1 h-1.  

The use of redox active supports, e.g. CeO2 [68] and La2O3,[69] has 

been a popular strategy to mitigate carbon deposition on Ni whilst 

promote the activation of CO2 and ethanol during DRE. The same 

strategy is applicable to other 3d metal catalysts. For example, by 

doping 3% La, Fayaz et al.[70] achieved ~1.65 and ~1.34 times 

higher ethanol and CO2 conversion, respectively, than the 

unmodified 10%Co/Al2O3. At the same time, the formation of 

La2O2CO3 intermediate significantly suppresses carbon 

deposition. Cao et al.[71] prepared Cu/Ce0.8Zr0.2O2 and found that 

the metal-support interaction between Cu and the highly redox 

active Ce0.8Zr0.2O2 gave rise to optimal DRE activity, viz 100% 

ethanol conversion with H2/CO ratio close to unity at 700 °C over 

90 h TOS.[72] 

The performance of Ni catalysts, when supported on oxide 

materials, e.g. Al2O3, MgO, MgAl2O4, SiO2, ZrO2, and CeO2, 

during DRG were reviewed in detail by Kawi and Kathiraser.[25] 

Again, carbon formation, often in the form of carbon whiskers, is 

the key catalyst design challenges for DRG.[56,73,74] Strategies to 

suppress carbon deposition include using basic oxides [74–76] and 

redox active supports, e.g. La-doped Al2O3.[77–79] The activity, 

stability and coke resistance of Ni-based DRG catalysts can be 

further promoted by doping noble metals. For example, Arif et al. 
[38] doped Ni/CaO with Re to increase the surface acidity, reduce 

the formation of carbon whiskers and enhance the adsorption of 

glycerol, at the expense of reduced surface area and loss of 

porosity. Their 5% Re-Ni/CaO catalyst achieved 61% glycerol 

conversion and 56% hydrogen yield at 800 °C under a gas-hourly 

space velocity (GHSV) of 3.6 x 104 h-1. Harun et al. [80] decorated 

the surface of a Ni/SiO2 catalyst with Ag, which promoted the 

dispersion of NiO and enhanced DRG activity. Similar 

promotional effects were observed on Ag-doped 15%Ni/Al2O3, 

which showed improved hydrogen yield and glycerol conversion 

of 26.29% and 33.41%, respectively, cf. 10.18% and 13.07% of 

the undoped 15%Ni/Al2O3.[81]
 

Ni is also the catalyst of choice for the dry reforming of bio-oil, 
[82,83] given their high activity in the decomposition of oxygenated 

hydrocarbons.[84–86] A simple Ni/Al2O3 catalyst is capable of dry-

reforming model bio-oil compounds (viz. acetic acid, phenol, 

ethanol and acetone) at 700 °C, achieving high hydrogen yield 

and bio-oil conversion of 88.19% and 96.87%, respectively.[87] 

Filamentous carbon, graphitic carbon and amorphous carbon 

were ubiquitously observed on the surface of the spent catalyst, 

whilst amorphous carbon covering the active sites was identified 

as the dominating mode of catalyst deactivation.[88] Although 

some activity could be recovered by regenerating the coked 

catalyst in CO2, steam or air, deactivation could be fundamentally 

mitigated by developing coke-resistant catalysts. To this end, 

knowledge in eliminating coking during DRM may be highly 

applicable to the other dry reforming process. 

 

3.1.3. Perovskite-based catalysts 

 

Perovskite structured oxides display high thermal stability, 

compositional versatility,[89] and host high densities of redox-

active lattice oxygen. These attributes are beneficial for activating 

CH4 and CO2, while suppressing carbon deposition.[90] To boost 

the redox activity, the A sites are typically occupied by rate earth 

elements, e.g. lanthanides, whereas the B sites are occupied by 

3d transition metals, e.g. Ni. During reaction conditions, the latter 

exsolve in the form of metal nanoparticles, which serve as active 

centers for C-H activation. The post-exsolution oxide structures 

act as supports as well as promoters for CO2 activation. By 

controlling exsolution conditions, the size of the metal particles 

can be minimized to (i) maximize the dispersion of active sites, (ii) 

enhance synergistic interactions between the metal and the 

support, and (iii) suppress carbon deposition.[91] 

The most commonly studied perovskite-based dry reforming 

catalyst is LaNiO3,[92] whose performance can be further optimized 

through A-site and B-site substitution. For example, a post-

exsolved LaNi0.8Mn0.2O3 catalyst shows enhanced activity 

attributed to the MnO phase, which promoted CO2 activation. On 

the other hand, Fe-substituted LaNi0.8Fe0.2O3 demonstrated 

excellent coking resistance due to strong metal-support 

interaction and the alloying between Fe and Ni.[93] Srikanth et al. 

introduced additional alkalinity to DRM catalysts by preparing 

MZr1-xNixO3-δ with M = Ca, Sr and Ba; x = 0 and 0.2.[94]  Among the 

catalysts, CaZr0.8Ni0.2O3-δ showed the highest DRM activity over 

500 h TOS with little deactivation (see Table S1). This superior 

performance is attributed Ni particle sizes of 13 nm, which 

promotes strong interaction between the exsolved Ni0 sites and 

the Ca-based oxide support. Their study also suggested the 

crucial role of surface formate and hydroxyl species in 

suppressing the formation of NiCx species, which is a precursors 

and a catalyst for carbon deposition. Additional redox activities 

could be introduced by interfacing the perovskites with other 

redox-active oxide phases. [95,96] For example, Rabelo-Neto et al. 

found that supporting LaNiO3 on CeSiO2 significantly reduced the 

deposition of carbon during DRM cf. unsupported LaNiO3, 

because CeSiO2 provided additional lattice oxygen redox activity 

and mobility, both are key factors for inhibiting carbon 

formation.[97] 

 

3.1.4. Other types of catalysts 

 

Some researchers experimented with unconventional catalyst 

designs and achieved remarkable resilience against carbon 

deposition. For example, Palmer et al.[98] employed a column of 

molten metal alloy (65:35 mol% Ni:In) and bubbled a mixture of 

CO2 and CH4 through the column. The molten alloy bubble 
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column reactor facilitated simultaneous methane pyrolysis and 

DRM, producing syngas with H2:CO ratio >1, when the feed ratio 

was CH4:CO2 = 1. The solid carbon co-product could be easily 

separated from the gaseous product and the molten metal, 

circumventing issues associated with carbon formation. The 

molten metal also served as a redox catalyst, whose metallic form 

and oxidic form (e.g. In and In2O3) reduced CO2 and oxidized CH4, 

respectively. The H2:CO ratio of the product could be tailored by 

controlling the extent of methane pyrolysis, through adjusting the 

CH4:CO2 feed ratio, temperature, and the residence time of the 

bubbles. Another approach to mitigate coking was described by 

Thakur et al., who used V2C MXenes as a synthesis template and 

created a V2O3-V8C7 dry reforming catalyst, that have shown 

excellent coke resistance over 96 h TOS.[99] Spectroscopic and 

kinetic studies revealed that this exceptional stability was due to 

a dynamic interconversion between surface oxide and carbide 

phases. CO2 dissociates on the oxygen vacancies of V8C7, 

releasing CO and oxidizing the carbide. CH4 dissociates on the 

oxy-carbide surface, releasing H2 and surface C*. The surface C* 

rapidly recombines with O* from the oxycarbide and desorbs as 

CO. As such, coking is prevented by expeditious carbon removal, 

facilitated by the co-existence of oxide and carbide phases.  

3.2. CO2-mediated alkane oxidative dehydrogenation 

Two reaction mechanisms have been proposed, viz. (i) DDH + 

RWGS and (ii) the redox mechanism (i.e. Mars-van Krevelen 

mechanism). In mechanism (i), alkanes directly dehydrogenate to 

produce H2, which then reacts with CO2 via RWGS. In mechanism 

(ii), C-H bonds of the alkane are oxidatively cleaved by surface 

oxygen species. The surface oxygen species are converted into 

water through O-H bond formation. Water desorption creates an 

oxygen vacancy which is subsequently replenished by CO2 to 

produce CO. Because the various CO2-ODH reactions (ethane, 

propane, butane, and ethylbenzene) require similar catalysts, 

they are collectively discussed below. Selected catalyst 

developments for CO2-ODH reactions are summarized in Tables 

S5 - S8. An active CO2-ODH catalyst must exhibit both redox 

activity and appropriate acid-base properties. The former is 

necessary to facilitate the transfer of oxygen atoms from CO2 to 

hydrocarbon substrates, whereas the latter is required to activate 

the hydrocarbons and CO2, respectively.[15,100,101]  

 

3.2.1. Metal oxide catalysts 

 

Redox active oxides of transitions metals, e.g. Cr,[102] V,[103,104] 

Fe,[105] Mn,[106] Co[107] and Mo[108] are catalytically active for CO2-

ODH reactions. The active sites are often identified as oligomeric 

oxide species with high oxidation states, e.g. Cr6+/5+,[109]  

V5+,[103,104] Fe3+,[105] Mn3+,[110] Co3+[107] and Mo6+/5+[108]. Therefore, 

high catalyst activities can be obtained by maximizing the surface 

dispersion of the active MOx species and minimizing the size of 

the surface MOx clusters. Here, the dispersion not only depends 

on the catalyst loading, but also on the surface acidity of the 

supports. In general, moderate surface acidity favor CO2-ODH. 

Controlling the surface acidity is also crucial to suppress side 

reactions, viz. reforming and coking.[111] Experimentally, the 

surface acidity of the supports can be controlled by (i) mixing 

insoluble or partially insoluble oxides of different acidities, e.g. 

SnO2-ZrO2,[112] TiO2-ZrO2
[107] and TiO2-Al2O3

[108]), (ii) preparing 

mixed oxide solid solutions, e.g. CexZr1-xO2
[113] and (iii) changing 

the Si/Al ratio of zeolite-type supports.[109,114] It is possible, 

although inconclusive, that surface acidity also determines the 

reaction mechanism. For example, CrOx/γ-Al2O3 reportedly favor 

the DDH + RWGS mechanism during CO2-ODHE,[115] whereas Zr- 

and Ce- doped CrOx/SiO2 and CrOx/ZrO2 favor the redox 

mechanism during CO2-ODHE[116] and CO2-ODHP,[117] 

respectively, as depicted in Figure 6 (a) and (b). 

The redox activity of the active sites can be further promoted by 

doping and interfacing with redox-active materials. For example, 

Ye et al. [118] reported that doping 20% Cr2O3/Al2O3 with 5% CeO2 

renders 66.7% styrene yield and 99% styrene selectivity, owing to 

the ability of CeO2 to promote the redox activity of the CrOx 

catalysts. Liu et al. prepared a 6 wt% V2O5/Ce0.6Zr0.4O2-Al2O3 

(V2O5/CZA) catalyst for CO2-ODH of ethylbenzene (CO2-ODHEB), 

in which Ce0.6Zr0.4O2 not only modulated the surface acidity, but 

also enhanced the redox activity of the V5+/V4+ active sites (as 

shown in Figure 6 c), resulting in  ~50% EB conversion and ~98% 

styrene selectivity over 48 h TOS.[119]  

Post-transition metal oxides, viz. Ga2O3 and In2O3 also show good 

performance for CO2-ODH, bar the strong tendency to 

coke.[120,121] The active sites are considered to be the surface Ga3+ 

and In3+ species, which facilitate the heterolytic C-H cleavage of 

alkanes to surface metal hydride and metal alkoxide 

species.[121,122] The activity of the Ga2O3-based catalysts depends 

on Ga-loading,[123] the type of Ga2O3 polymorphs (e.g. β-Ga2O3 

and γ-Ga2O3),[121] and the synthesis conditions.[122] Similar to the 

transition metal oxides, the activity of the post-transition metal 

oxide catalysts can be improved by adjusting the surface 

acidity.[124]  For example, Chen et al.[125] found that, amongst the 

various oxide supports (MOx, M = Al, Zn, Zr, Ti, Fe, Mg, Si, and 

Ce), In2O3-Al2O3 containing 20 mol% indium showed the highest 

dehydrogenation activity with superior long-term stability, giving 

27% propylene yield over 12 h TOS at 600 °C. 

CO2-ODHEB can also be catalyzed by mildly reducible metal 

oxides, e.g. ZrO2,[126] TiO2
[127] and CeO2

[128]. Zhang et al. reported 

that the CO2-ODHEB proceed via a DDH + RWGS mechanism on 

a high surface area CeO2,[128] whereas the computational study 

by Fan et al. suggests that the reaction proceed via the redox 

mechanism on CeO2 (111).[129] The catalytic activity and the 

coking resistance of the mildly reducible oxides can be 

significantly boosted by (i) doping alkali metals,[127] (ii) forming 

reducible solid solutions, e.g. Sn1-xZrxO2 and Ce1-xZrxO2 (0 < x < 

1),[126,130] and (iii) interfacing the redox active metal oxides with 

secondary oxide phases of appropriate surface acidity.[131,132]  

 

3.2.2. Metal and metal alloy catalysts 

 

Noble metals, e.g. Au, Pd and Ru, in their metallic form, can serve 

as co-catalysts to the redox-active metal oxides.[133,134] Jin et al. 

found that, doping 1 wt.% Ru to a CrOx/SiO2 catalyst promoted 

CO2 activation and removal of hydrogen adatoms generated by 

C-H cleavage, resulting in a two-fold enhancement in propylene 

yield over undoped CrOx/SiO2.[135] However, high loading (3 wt% 

Ru) led to high surface coverage of CO2, which competed with the 

adsorption of propane. Nowicka et al. performed a temporal 

analysis of products during CO2-ODHP on Pd/CeZrAlOx, and 

reported a redox mechanism over the Pd/CeO2 interface, where 

Pd catalyzes the redox reaction of the Ce4+/Ce3+ couple, as 

depicted in Figure 7 (a).[136] In this case, the Pd/CeO2 interface 

could be maximized at an optimal Pd loading of 5 wt%, which 

corresponds to a mean Pd particle size of 17 nm. 
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Figure 7. (a) Schematic mechanism for the CO2-ODH of propane on a 5% Pd/CeZrAlOx catalyst, reproduced with permission from Ref [136] (Copyright American 

Chemical Society 2018) (b) The Mars-van Krevelen redox mechanism for the ODH of butane over the O-Mo terminated {110} facet of the NiMoO4 catalyst in a CO2 

or N2O atmosphere. Bold numbers are activation barriers in kJ mol−1, reproduced with permission from Ref. [104] (Copyright Royal Society of Chemistry 2017). DFT 

calculated energy profiles for the oxidative C-H and C-C bond scission pathways. (c) Bulk Fe3Ni (111) surface, (d) Pt-terminated Ni3Pt (111) surface, and (e) FeO/Ni 

(111) interface as well as the optimized geometries of (f) CH3CH2CH2O and (g) CH3CH2CH2 on FeO/Ni (111), reproduced with permission from Ref [139] (Copyright 

Springer Nature 2018). 

 

Chen and co-workers screened, experimentally and 

computationally, bimetallic alloys supported on CeO2 for CO2-

ODH of light alkanes. They found Fe3Ni1/CeO2 to be the best 

bimetallic catalyst.[137–139] CeO2 facilitates the direct C=O scission 

of CO2, whereas the Ni-FeOx/CeOx interfacial sites catalyze 

selective C-H cleavage to produce ethylene. DFT calculations 

suggest that the Fe-O species on Fe3Ni1(111) favors the selective, 

oxygen-mediated C-H cleavage to form *CH3CHCH2 + H2O, 

whereas other metal alloys, e.g. Ni3Pt1 (111), favor C-C cleavage 

to form *CH3CH2 + *CO, as depicted in Figure 7 (c)-(g). The 

performance of Fe3Ni1 can be further improved by enhancing the 

redox activity of the support, e.g. by forming a CeO2-ZrO2 solid 

solution.[140]   

Dasireddy et al.[104] studied a commercial Ni-Mo/Al2O3 catalyst for 

CO2-ODHB and N2O-ODHB and attributed the high butadiene 

selectivity (80%) to the lack of electrophilic oxygen species, which 

favors the over-oxidation of alkenes to carbon oxides. Indeed, 

DFT calculations (shown in Figure 7 b) suggest that ODHB 
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proceeds via a redox mechanism involving surface Mo-O species, 

whereas over-oxidation to COx takes place on surface Ni-O 

species. However, butadiene was also a precursor to coke 

formation. Thus, high butadiene selectivity correlates well with the 

high rate of coking.  
 

3.2.3. Other types of catalysts 

 

There are also reports of CO2-ODH catalyzed by non-oxidic active 

sites. For example, Wang et al. catalyzed CO2-ODHEB using 

carbon-coated alumina and achieved 32% EB conversion and 

95.6% styrene selectivity at 550 °C, when the carbon loading was 

17 wt%. The active sites were identified as surface carbonyl 

groups.[141] More recently, a metal-free BN catalyst with nearly 

uniform mesopores of ~22 nm for CO2-ODHEB was found to be 

active for CO2-ODHEB.[142] Both DFT calculations and 

experimental results suggest that the edge boron atoms are the 

active sites for CO2 activation. The oxygen in the B-bonded CO2 

(>B-OCO) subsequently reacts with the ɑ/β hydrogen of the EB 

molecule, forming >BOH and a desorbed CO. The BN catalyst 

prepared at 900 °C in Ar exhibited the highest CO2-ODHEB 

activity (viz. 21% EB conversion and >95% styrene selectivity), 

whereas BN catalysts prepared at higher temperatures and, or in 

reducing atmospheres were less reactive, because of the reduced 

amount of edge -BOx sites.  

 

3.2.4. Factors controlling the selectivity of oxidative 

dehydrogenation 

 

Based on the discussion in the preceding sections, we identify 

general design principles for oxidative dehydrogenation of 

alkanes, as illustrated in Figure 8. In the case of oxide-based 

redox catalysts (e.g. CrOx), the activation of alkane (step a) is 

facilitated by the reduction of a high valent cation (e.g. Cr6+ to Cr3+), 

sometimes accompanied by the removal of a lattice oxygen (i.e. 

the Mars–van Krevelen mechanism, step b). The high valency 

and the lattice oxygen vacancy are subsequently restored via CO2 

reduction to CO (step d). In other catalytic systems, e.g. in the 

case of Ga2O3,[121,122] the dehydrogenation of alkanes proceeds 

via heterolytic C-H cleavage, followed by RWGS over the catalyst 

surface. Since both the active sites and the support materials are 

oxidic, chemical interaction at the oxide-support interface, and the 

resulting modifications of the active sites are inevitable. Therefore, 

the structure of the oxide support is as important as that of the 

active components.[15]  

During CO2-ODH, Lewis acidity is required to draw electrons from 

the alkane substrate to the catalytic surface, whereas Lewis 

basicity is required to extract hydrogen from the substrate and to 

activate CO2 by donating electrons to the antibonding orbital of 

CO2.[100] In addition to acid strength, the inherent reactivity of 

metal atoms also dictates dehydrogenation selectivity. For 

instance, while the O* assisted C-H dehydrogenation is catalyzed 

by Fe3Ni1, unselective C-C dissociation occurs on more reactive 

metal sites like Ni3Pt1. Therefore, the acid strength and chemical 

environment around the transition metal active sites are important 

metrics for suppressing unwanted C-C dissociation. In general, 

weak acidity favors the selective dehydrogenation to alkenes, 

whereas strong acidity favors the undesirable C-C cleavage and 

carbon deposition (step e). The use of oxide solid solutions, mixed 

oxides and zeolites supports with adjustable cationic 

compositions are all accessible means to tune the acid-base 

properties of the catalyst to achieve optimal performance.  

It is encouraging to see that the catalyst design strategies 

described above yield high alkene selectivity, whilst carbon 

deposition has been mitigated by enhancing the surface basicity 

and increasing the oxygen mobility of the support. Recent 

advances notwithstanding, carbon deposition remains 

ubiquitously severe on all the CO2-ODH catalysts studied. Overall, 

it is necessary to mitigate carbon deposition on both the active 

sites and the supports.[143] We extensively discussed approaches 

to mitigate carbon deposition in section 3.1. Such approaches are 

also applicable to oxidative dehydrogenation, and should be key 

avenues of future research. 

Figure 8. Catalyst design principles for oxidative dehydrogenation catalysts using CO2 as an oxidant. (a) C-H activation together with metal center reduction on 

moderately strong Lewis acid sites. (b) OH*s recombine forming water, whose desorption creates oxygen vacancies (c) Since C-C bonds are preserved during 

selective dehydrogenation, less reactive metals are employed. More reactive metals cleave C-C bonds, suppressing selectivity (d) Oxygen vacancies are re-oxidized 

by CO2. (e) Strongly Lewis acidic sites promote deep dehydrogenation and cracking (reduces dehydrogenation selectivity), and oligomerization (promotes coking). 

Sintering and coke deposition are controlled by optimizing the metal nanoparticle size and adhesion to the oxide support. 

3.3. Oxidative coupling of methane using CO2  

In comparison with dry reforming and oxidative dehydrogenation 

reactions, C-C coupling is challenging, primarily because the 

coupling products are more easily oxidized by CO2 than the 

reactants. For instance, selective C-H cleavage and suppressing 

side reactions such as over-oxidation and carbon deposition 

require specifically tailored surface oxygen species. These 
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requirements can be facilitated by bifunctional oxide-oxide 

interfaces with redox activity and surface basicity for CO2-OCM. 

The redox active metal oxides serve as the active sites for CO2 

activation, whereas the basic sites such as Ca2+ steer the 

selectivity towards C-C coupling.[144] For example, Wang et al. 

reported CaO-CeO2,[144] CaO-Cr2O3
[145]

  and CaO-ZnO[146] to be 

promising CO2-OCM catalysts, showing 3.2% - 4.3% C2 yield at  

850-875 °C. Other studies suggested the need for catalysts 

having stronger surface basicity than CaO. For instance, Wang 

and Ohtsuka studied CaO-MnO2, SrO-MnO2, and BaO-MnO2 

catalysts, and found SrO-MnO2 and BaO-MnO2 catalysts to 

exhibit higher C2 selectivity than CaO-MnO2 at 700-900 °C.[147] At 

900 °C, the SrO-MnO2 catalyst provided the highest C2 yield of 

6.3% with 64% C2 selectivity. The active sites are the Mn3+ 

species in SrMnO2.5 and BaMnO2.5. In contrast, the CaO-MnO2 

catalyst mostly contained Mn2+, which has low redox activity. Cai 

et al.[148] investigated Mn/SrCO3 catalysts with Mn:Sr ratios of 0.1 

and 0.2, and achieved C2 selectivity of 88% and 79%, with C2 

yields of 4.3% and 4.5%, respectively. They also suggested the 

role of SrCO3 in supplying CO2 to the redox active sites.  

Recent advances in catalyst development for CO2-OCM are 

summarized in Table S9. Notably, Istadi et al.[149] prepared alkali 

(Li2O), alkaline earth (CaO), and transition metal oxide (WO3 or 

MnO) doped, MgO-based and CeO2-based catalysts. 

2%Li2O/MgO showed the highest performance (viz. 98% C2+ 

selectivity and 5.7% C2+ yield), which was attributed to the 

presence of the Li2O2 peroxide species. 5%MnO/15%CaO/CeO2 

was found to be the optimal formulation for the CeO2-based 

catalysts, in which the MnO dopant promoted both the oxygen 

mobility and the formation of oxygen vacancies on CeO2, resulting 

in enhanced redox activity. Their study also correlated surface 

lattice oxygen and bulk lattice oxygen to CH4 coupling activity and 

COx production, respectively. All of the oxide-based CO2-OCM 

catalysts contain substantial fractions of basic oxides and redox-

active oxides (i.e. more than 10 wt.% each). Therefore, improving 

the dispersion of oxide particles is an effective means to maximize 

the catalytic activity. More recently, Zhang et al.[150] prepared a 

transition-metal free, Cl-doped CaO-based catalyst, supported on 

Na2CO3. During CO2-OCM at 950 °C, the molten Na2CO3 catalyst 

resulted a C2,3 yield of 6.6%. This presents a potential to catalyze 

CO2-OCM using only earth abundant elements, provided that 

practical issues such as metal evaporation can be successfully 

solved. Despite the significant improvements in the catalysts’ 

performance over the years, the yields of C2+ products (a few 

percent) remain low compared to the aspirational target of ~30% 

for commercial application. 

3.4 Production of epoxides, cyclic carbonates and 

polycarbonates using CO2 

3.4.1. CO2-epoxidation 

 

CO2-epoxidation begins with C-O dissociation at an oxygen defect. 

The oxygen adatom occupying this defect combines with ethylene 

forming ethylene oxide (EO). The overall selectivity is affected by 

parasitic C-C/C-H dissociation that combusts ethylene to form 

CO2 and H2O. Bench-scale catalytic tests on mixed-metal oxides 

developed by RTI revealed ethylene oxide yields between 5% to 

7.5%, which are slightly lower than the commercial catalysts such 

as Dow METEOR (~13%) and Shell Omega (~11%).[49] The 

catalyst suffered from deactivation and needed to be regenerated 

between cycles. These studies indicate that an ideal CO2-

epoxidation catalyst has two key attributes. First, sufficient 

oxygen vacancies to activate C-O bonds in CO2. Second, 

moderately strong acid sites which are relatively inactive towards 

C-H/C-C dissociation of ethylene to promote the selectivity 

towards epoxide. Despite the lower selectivity, a life cycle analysis 

by RTI showed that using CO2 as a soft oxidant resulted in 2.82 t-

CO2 avoided per t of ethylene oxide produced.[49] These 

interesting results demonstrate the potential for using CO2 as an 

oxidant for alkene epoxidation. Further studies are needed to 

understand catalyst deactivation and design highly selective 

mixed metal oxides that preserve C-H bonds while forming C-O 

bonds. Ethylene oxide and propylene oxide have widespread 

applications in synthesizing cyclic carbonates and polycarbonates, 

which are discussed in the following sections. 

 

3.4.2. Cyclic carbonates and polycarbonates 

 

We briefly overview the active site requirements for synthesizing 

cyclic carbonates with a specific emphasis on a new class of 

heterogeneous catalysts that do not require stoichiometric 

quantities of co-catalysts. This discussion complements the 

extensive review by Della Monica and Kleij on the catalytic 

conversion of CO2 to cyclic carbonates.[151] 

Reactions between epoxides and CO2 have traditionally been 

catalyzed by homogeneous catalysts e.g. Inoue’s aluminum-

porphyrin complex.[152] The electrophilic metal cations activate the 

epoxide linkages, whereas a nucleophilic co-catalyst is needed to 

activate CO2. The CO2-nucleophile complex, in turn, attacks the 

activated epoxide. Cyclic carbonates are formed through intra-

molecular cyclic elimination. These reactions are typically 

performed at high pressures (~6-20 MPa), and temperatures 

between 80 and 160 °C, in a solvent.[153]  

The central challenge in catalyst design is to discover catalytic 

architectures that are easily recoverable, co-catalysts-free, and 

active under lower pressures in solvent-free environments. 

Several efforts have focused on immobilizing bifunctional 

homogeneous catalyst analogs on heterogeneous supports to 

meet the above requirements.[154–158] The bifunctional catalysts 

contain both electrophilic (Lewis acid) and nucleophilic (Lewis 

base) functions, thereby avoiding the use of a co-catalyst. Such 

catalysts can be prepared by (i) anchoring organometallic 

complexes on heterogeneous supports,[155,156] (ii) encapsulating 

these complexes within large pore zeolites,[157] and (iii) tailoring 

the ligands of metal organic frameworks (MOFs).[154] For example, 

Yang et al. showed that Mg-MOF-74 could both capture CO2 and 

convert it to cyclic carbonates in 20 atm and 373 K.[154] They 

hypothesized that the open Mg atoms functioned as electrophiles 

while the oxygen atoms of the organic linkers had sufficient 

basicity to convert adsorbed CO2 to a nucleophile. Hence, no co-

catalyst was needed. The ability of MOFs to combine CO2 

adsorption from dilute streams (e.g. CO2/N2), and CO2 conversion 

in one system makes it possible to achieve process intensification 

for chemical production from decentralized CO2 sources which 

are otherwise difficult to purify. However, the stability of MOF-

based materials for cyclic carbonate synthesis needs to be 

exhaustively studied. 

There are similarities in catalytic active site requirements for cyclic 

carbonate production and dry reforming, dehydrogenation, 

oxidation. For all reactions, CO2 is activated on electron rich 

oxygen vacancies through either O=CO dissociation or 
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transforming CO2 into a strong nucleophile. On the other hand, C-

H dehydrogenation and ring opening of epoxides occur on Lewis-

acidic metal centers. Thus, catalyst design rationales already 

established for dry reforming, dehydrogenation, and oxidation can, 

in principle, be directly transferred to cyclic carbonate production. 

CO2 is also extensively used as a co-monomer in polymer 

synthesis. The reaction mechanisms for CO2-based 

polymerization are extensively discussed by Lu et al.[153] and 

Mulchandani et al.,[159] while a general overview of the slate of 

polymers already being produced in industry using CO2 is 

presented by Burkart et al.[2] Incorporating captured CO2 into 

polymers is thus an industrially attractive, relatively high TRL 

process for valorizing decentralized CO2 sources. 

 

Figure 9. (a) Reaction scheme for the direct conversion of carbon dioxide and methane to acetic acid over Cu-modified zeolites, reproduced with permission from 

Ref. [165] (Copyright Royal Society of Chemistry 2019). (b) Scheme of mechanistic steps involved in acetic acid formation from CH4 and CO2 over CeO2-ZnO/MMT 

catalyst and (c) Energy profiles of acetic acid formation on CeO2(111) and ZnO(1010). Black and red lines indicate the reaction pathways on CeO2(111) and 

ZnO(1010), respectively, reproduced with permission from Ref [166] (Copyright Elsevier 2018). (d) Catalytic cycle of for the production of CH3COOH from CH4 and 

CO2 via Zn-doped ceria catalyzed C-C coupling, reproduced with permission from Ref. [167] (Copyright American Chemical Society 2016). (e) Energy profile from 

CH4(g) and CO2(g) to CH3COOH(g) on the (ZnO)3/In2O3(110) surface, reproduced with permission from Ref. [168] (Copyright American Chemical Society 2019).  

3.5. Direct coupling of CO2 to alkanes to form carbonyls 

The most fundamental C-C bond forming reaction involving CO2, 

is the synthesis of oxalic acid through CO2 dimerization. Oxalic 

acid produced from CO2 can be used as an intermediate to 

synthesize high volume bulk chemicals, e.g. ethylene glycol 

(20,000 ktpa).[21] CO2 dimerization to oxalic acid is almost entirely 

performed using homogeneous[160] or heterogeneous 

electrochemical systems.[161] One potential way of avoiding direct 

hydrogen input is to use hydrogen generated through biomass 

oxidation (e.g. glycerol) reactions occurring at the anode. Pairing 

biomass oxidation with oxalic acid production can also be 

potentially advantageous from a techno-economic standpoint. 

Recent studies have shown that organic oxidation reactions occur 



REVIEW          

15 

 

at lower overpotentials than oxygen evolution, whilst 

simultaneously generating higher value products than O2.[162] 

Burkart et al. also extensively discussed the use of CO2 as an 

oxidant for synthesizing higher carboxylic acids produced at large 

scales (e.g. benzoic acid, acrylic acid, methacrylic acid).[2] To 

complement their discussion, we describe the catalytic synthesis 

acetic acid and acetone from CO2 and CH4. 

While there have been reports of homogeneously catalyzed CH4-

CO2 coupling,[163,164] heterogeneous catalysts are preferred for 

large scale production. One such example is the synthesis of 

acetic acid via CH4-CO2 coupling over PGMs (Pd, Pt, Rh), 3d TMs 

(Cu, Co, Zn, and Mn) metal clusters confined on zeolites, and 

bifunctional mixed metal oxides containing uniformly dispersed 

Lewis acid and Lewis base sites. However, because of the low 

yields, most studies focus on mechanistic aspects. To circumvent 

thermodynamic limitations and maximize product yield, catalysts 

were exposed to alternating feeds of CH4 and CO2, whilst the 

products are examined by surface-sensitive characterization 

techniques.  

For example, Wang et al. found that binuclear copper-oxo cluster 

([CuOCu]2+) in the three-dimensional BEA and MFI zeolites and 

trinuclear copper-oxo cluster ([Cu3(μ-O)3]2+) in the one-

dimensional MOR and TON zeolites are the active sites for acetic 

acid synthesis, as shown in Figure 9 (a). [165]  Shavi et al. [166] 

prepared MMT (montmorillonite)-supported single and dual active 

site catalysts containing ZnO, MnO2, and CeO2, amongst which 

CeO2-ZnO/MMT showed promising catalytic performance. DFT 

calculations revealed that CH4 and CO2 are preferentially 

adsorbed on ZnO and CeO2, respectively, thereby avoiding the 

competition between the two adsorbates (Figure 9 b). At the Zn-

CeO2 interface, CeO2 sites facilitate the adsorption and surface 

migration of CO2, whereas the formation of acetic acid is favored 

on ZnO (Figure 9 c), which forms a Zn-C bond with the activated 

methyl group, preventing it from further dehydrogenation (Figure 

9 d).[167,168] Then, CO2 is inserted into the Zn-C bond in an 

activated bent configuration, via a three-centered Zn-C-C 

transition state moiety with an activation barrier of 0.51 eV. The 

resulting surface acetate group desorbs upon protonation. The 

same researchers also simulated CH4-CO2 coupling on 

ZnO/In2O3, Ga2O3/In2O3 and ZrO2/In2O3 interfaces and found the 

reaction follows Langmuir-Hinshelwood mechanism.[168]  

(ZnO)3/In2O3(110) exhibited the highest activity, with the Zn-O pair 

serving as the active center for C-H activation and the oxygen 

vacancies on In2O3(110) as the active sites for CO2 activation. 

Bader charge analysis suggests synergy between the activation 

of CH4 and CO2, i.e. the presence of a CO2 adsorbate reduces the 

energy barrier for CH4 dissociation at an adjacent ZnO site, as 

shown in Figure 9 (e). Microkinetic modelling showed that the 

acetic acid formation rate is 1st order with respect to CH4 but 0th 

order with respect to CO2, meaning that that methane activation 

is the rate-limiting step. 

On both metal-exchanged MFI zeolites[165] and CeO2-supported 

metal oxides,[167,168] the electronegativity of the cationic sites are 

revealed as the catalytic descriptor, which determines the energy 

of the lowest unoccupied molecular orbital and, in turn, the energy 

barrier of the rate limiting step, viz. C-H activation. Therefore, low 

electronegativity species (e.g. Zn) favor C-H activation, whereas 

high electronegativity species (e.g. Ni) favor dry reforming. This 

trend in selectivity is analogs to the above discussion on dry 

reforming versus dehydrogenation in section 3.2.  

Going beyond acetic acid, Ge’s group mapped out a mechanism 

for acetone synthesis via CO2 and CH4 coupling over Zn-doped 

CeO2, i.e. the C-C coupling between CO2 and surface-stabilized 

CH3* to form surface acetate, followed by further coupling with 

one more neighboring CH3*.[169] Their DFT calculations show the 

feasibility of achieving CO2-based carbon chain growth over 

active site ensembles constructed on a CeO2-based catalyst. The 

coupling of the acetate species with the methyl moiety follows a 

nucleophilic addition mechanism, with apparent activation 

energies of 0.25 and 0.14 eV on an oxygen vacancy and on 

neutral surfaces, respectively. In all cases, the reliance on mixed 

oxide interfaces to achieve high CO2-CH4 coupling activity means 

that an ideal catalyst structure should contain high surface 

concentration of desired interfacial sites.  

4. Reaction engineering approaches  

While optimizing the catalyst design can significantly improve the 

conversion and selectivity of the CO2 utilization reactions 

discussed above, the energy efficiency of these chemical 

processes may be further improved by the reaction engineering 

approaches discussed below.  

4.1. Membrane reactors 

Several CO2 reduction reactions discussed above integrate 

alkane oxidation and CO2 reduction within a single process. This 

integration results in more complex product mixtures than the 

case when O2 is used, because CO and CO2 will always be 

simultaneously present in the product mixtures. At a process level, 

the need to separate alkenes and unconverted alkanes from COx 

means additional parasitic energy penalty. Therefore, process 

intensification approaches that inherently achieve product 

separation, such as membrane reactors, are attractive solutions 

for further improving process efficiency. Since the 1990s, packed 

bed membrane reactors (PBMR) have been investigated for 

boosting the alkene yields of alkane dehydrogenation.[170,171] By 

selectively removing the hydrogen produced through catalytic 

oxidation and, or inert gas sweeping on the permeate side, a 

chemical potential gradient across the membrane is established. 

This gradient can continuously drive the membrane reaction 

process, as long as sufficient heat is supplied to maintain the 

reaction temperature. The PBMR model by Dangwal et al. 

predicts a maximum ethane conversion of 98% at 600 °C and 3.5 

atm retentate pressure,[172] far exceeding the equilibrium 

conversion of 17.7% in a fixed-bed DDHE setup. In the case when 

an oxidant is supplied to the other side of the membrane, the 

membrane reactor can essentially facilitate ODH with inherent 

product separation. For CO2-ODH reactions, either hydrogen 

permeable membranes or oxygen permeable membranes can be 

used,[173] as illustrated in Figure 10 (a) and (b).  

In a hydrogen permeable membrane reactor system, the retentate 

side facilitates the catalytic alkane dehydrogenation, whereas the 

CO2 (permeate) side can be decorated with selective 

hydrogenation catalysts, to enable the formation of C-H bonds via 

CO2 hydrogenation. This design presents an advantage over 

CO2-ODH performed in fixed-bed reactors, in which the selectivity 

of CO2 hydrogenation is limited to CO. Pati et al. demonstrated 

this concept using a bifunctional membrane reactor, fabricated 

from a Al2O3 hollow-fiber substrate. One side of the hollow fiber 
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was coated with a layer of Pd57Cu43 alloy and served as both a H2 

membrane and a propane dehydrogenation catalyst, whereas the 

other side of the membrane was loaded with 10% Ni/CexZr1-xO2, 

which served as a CO2 methanation catalyst, as depicted in 

Figure 10 (a).[174] The membrane reactor achieved higher CO2 

conversion (76%) than an equivalent fixed bed reactor (~72%) at 

350 °C. The hydrogen consumed by the methanation reaction 

enhanced the flux across the membrane, leading to a hydrogen 

recovery rate of up to 75%. 

An oxygen permeable membrane reactor system can be 

functionalized to facilitate CO2 reduction and ODH on the CO2 

side and the alkane side, respectively, as shown in Figure 10 (b). 

To date, CO2-ODH conducted in an oxygen permeable 

membrane reactor is yet to be reported. Nevertheless, oxygen 

permeable membrane reactors have been applied by several 

groups for H2O-ODHE. For instance, Jiang et al. used 

BaCoxFeyZr1-x-yO3-  hollow-fiber membranes for H2O-ODHE and 

achieved 59% ethane conversion and 89% ethylene selectivity at 

800 °C.[175] Dimitrakopoulos et al. used a cobalt-free, 

BaFe0.9Zr0.1O3-  perovskite membrane reactor for H2O-ODHE and 

achieved 95% ethane conversion and 83% ethylene selectivity at 

900 °C.[176] Given the thermodynamic similarity between H2O 

splitting and CO2 splitting at 800–1000 °C, it is reasonable to 

expect ceramic membrane reactors to achieve similar 

performance for CO2-ODHE under comparable conditions. 

Oxygen permeable ceramics can also be used to fabricate 

membrane reactors capable of facilitating biofuel dry reforming 

and CO2-OCM with inherent product separation.[177] Despite the 

lack of reports dedicated to membrane reactors for CO2-OCM, 

membrane reactors has been studied for O2-OCM since the 

1990s.[178] Because of the high operating temperature of oxygen 

permeable membranes, there exist potential engineering 

challenges associated with the mechanical and chemical stability 

of the membranes over prolonged high-temperature 

operations.[175] 

The use of CO2 permeable membrane could remove the need for 

a standalone CO2 capture process and eliminates the additional 

energy penalty associated with it (Figure 10 c). Zhang et al. used 

an O2–-CO3
2– bi-ionic membrane to perform CO2-ODHE over a 

Cr2O3-ZSM-5 catalyst.[179] The diffusion of O2- and CO3
2- is 

facilitated by Gd2O3-doped CeO2 and an eutectic mixture of 

molten Li2CO3 and Na2CO3, respectively. The author reported 

>90% C2H6 conversion, ~60% CO2 conversion and ~80% C2H4 

selectivity using this membrane reactor design; such performance 

was substantially superior over those reported in a single-pass 

fixed-bed reactor (see Table S5)Although the literature generally 

reports favorable performance of lab-scale membrane reactors 

(the studies cited above are by no means an exhaustive 

summary), the heat management aspects is also critical to large-

scale deployment. The reactor model by Choi et al. showed a 

temperature drop of up to 100 °C along a 5 m hollow fiber 

membrane reactor bundle during propane dehydrogenation.[180] 

The analysis by Dittrich suggests that heat supply is the rate-

limiting factor for propane dehydrogenation in commercial-scale 

membrane reactors.[181] To address the heat demand by alkane 

dehydrogenation, Brune et al. proposed a hybrid system, in which 

endothermic dehydrogenation reactions and the exothermic O2-

ODH reactions are conducted on different sides of a membrane, 

to make the overall process thermal-neutral.[182] 

Figure 10. (a) – (c) membrane reactor design for CO2-ODH of alkane using hydrogen permeable membranes, oxygen permeable membranes and CO2 permeable 

membranes, respectively. (d) chemical looping reactor design for CO2-driven oxidative partial oxidation of hydrocarbons. (e) schematic of a directly irradiated annular 

pressurized receiver (DIAPR) solar reactor, reproduced with permission from Ref. [214] (Copyright Royal Society of Chemistry 2007). (f) a schematic comparison 

of the radial temperature profiles between a gas fired methane reformer and an electrically heated methane reformer, reproduced with permission from Ref.[218] 

(Copyright  AAAS 2019) 

4.2. Chemical looping 

The fundamental principle of chemical looping is analogous to an 

oxygen permeable membrane reactor, i.e. the oxidation of 

hydrocarbons and the reduction of CO2 take place in separate 

reactors. The oxygen transfer between the two reactors is 

facilitated by the uptake and release of the lattice oxygen of oxide 

materials. In the case of chemical looping, the movement of lattice 

oxygen is achieved by physically moving the oxide materials, 

known as oxygen carriers, between the two reactors. As such, the 

hydrocarbons and CO2 are inherently separated, as depicted in 

Figure 10 (d). The effectiveness of chemical looping processes 
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depends on the formulation of oxygen carriers, which also act as 

redox catalysts. For example, chemical looping O2-ODHE (CL-O2-

ODHE) and CL-O2-ODHP have been successfully demonstrated 

by Na- and W- promoted Mn/SiO2 and Mn/MgO redox 

catalysts.[183] and Mo-V-O mixed oxides, respectively.[184] More 

recently, Jeong et al. achieved CL-CO2-ODHE using a FeO2/TiO2 

mixed oxides redox catalyst. Despite the relatively low ethylene 

yield (viz. 8.5% at 550 °C and 1 atm pressure), their finding 

signifies the feasibility of the CL-CO2-ODHE concept and 

suggests potential for further improvements through oxygen 

carrier design. The application of chemical looping technology to  

oxidative coupling of methane (CL-OCM) has also been 

demonstrated using the state-of-the art OCM catalyst, 

Na2WO4/Mn/SiO2,[185–187] as well as a Li-doped Mg6MnO8 redox 

catalyst.[188] For the synthesis of ethylene oxide, Chan et al. 

reported chemical looping ethylene epoxidation on a Ag/SrFeO3 

redox catalyst,[189] without directly mixing oxygen with ethylene. 

The product yield and selectivity of chemical looping epoxidation 

was further improved by doping CeO2 to Ar/SrFeO3.[190] By 

rationally engineering the lattice oxygen activity and the catalytic 

active sites, chemical looping could become a cost-effective 

process intensification strategy for simultaneously achieving CO2 

reduction, alkane valorization and inherent product separation. 

The chemical looping approach also offers an extra degree of 

freedom during continuous operation, because the residence time 

of the catalyst in each half step can be adjusted independently. 

For instance, during CL-CO2-ODH of alkanes, the coked catalyst 

have a sufficiently long residence time in the CO2 reactor (see 

Figure 10 d) to ensure complete catalyst regeneration via the 

Bourdoard reaction. Such flexibility is also beneficial to dry 

reforming reactions, which can be catalyzed by 3d transition metal 

catalyst (e.g. Ni), on which the carbon deposited can be cyclically 

removed in the CO2 reactor, thereby eliminating accumulation of 

coke.[191–194] This advantage is particularly relevant to feedstocks 

with strong coking tendencies such as bio-oil.[195] During CL-dry 

reforming, the catalysts are exposed to reacting gas mixtures 

different from that in conventional reformers. Therefore, the 

optimal catalysts formulation for CL-dry reforming also differs from 

that of conventional processes. For example, whilst Ni is the most 

active 3d TM catalyst for conventional DRM at 900 °C, NiFe alloy 

was found to be the best catalyst for CL-DRM.[196]  

The concept of exposing the redox catalyst (i.e. oxygen carriers) 

to two alternating atmospheres is also analogous to the “step-wise” 

approach used  to study direct CO2-CH4 coupling reactions. 
[165,197,198] Therefore, we anticipate future research in chemical 

looping systems to enable breakthroughs in traditionally 

challenging CO2 conversion reactions, including those involving 

C-C coupling.  

The physical circulation of oxygen carriers between the two 

reactors also enables effective heat management cf. stationary 

reactors, which rely primarily on thermal conduction.[199] The 

reaction heat involved in each sub-reactor could be further tuned 

through oxygen carrier formulation. For example, Yusuf et al. 

demonstrated the possibility of tuning the endothermicity in each 

chemical looping reactor by varying the Fe-Mn ratio of a Na2WO4 

promoted Fe-Mn-O mixed oxide redox catalyst.[200] Of course, the 

overall endothermicity of the CO2-driven hydrocarbon oxidation 

processes is ultimately determined by reaction stoichiometry. 

Present-day industry practice is to provide reaction heat by 

process fluids or fuel-firing, in order to maintain the desired 

operating temperature at the expense of increased CO2 emission 

and potentially reduced product selectivity (due to steep 

temperature gradients across the reactor). To fully exploit the 

carbon abatement potential of the CO2 reduction processes, 

renewables should be used to supply the reaction heat, ideally in 

the most efficient way possible. 

4.3. Renewable energy heating 

The need for external heating by dry reforming and other CO2-

driven oxidation reactions is ubiquitous. In the context of CCU, the 

use of renewable energy heating, in the form of solar thermal 

heating or resistive heating by renewable electricity, could further 

increase the CO2 abatement potential of the processes discussed 

above. Indeed, the concepts of solar membrane reactor,[177,201] 

solar chemical looping reactor,[202–206] and solar fixed-bed reactor 
[207–209]  have been adopted by many as the basis for achieving 

zero-emission dehydrogenation reactions [210] and syngas 

production.[207,208] Owing to the high endothermicity, solar thermal 

dry reforming is also regarded as a form of solar energy storage, 

in which CO2 acts as a thermochemical storage medium.[211–213] 

In a typical solar thermal reformer, the solar receiver is integrated 

with the thermal chemical reaction chamber to maximize heat 

transfer efficiency; one such example is schematically shown in 

Figure 10 (e).[214] The same reactor designs could be adapted for 

solar-thermal CO2-ODH and CO2-OCM.[215,216] 

Compared to direct solar-thermal heating, which requires 

sophisticated optical and heat management equipment (Figure 10 

e), resistively heating using renewable electricity is a plausible 

alternative to achieve truly carbon negative chemical production. 

In the chemical industry, replacing fuel-heated or steam-heated 

reactors with electrical heated ones has already attracted 

considerable R&D interests.[217] An adequately engineered 

renewable-electricity-heated reactor can achieve not only net-

zero-emission, but also a significantly optimized temperature 

profile within the reactor, rendering high effectiveness. The 

analysis by Wismann et al. showed that electrifying the reactor 

wall can potentially reduce the size of methane reformers by a 

factor of 100, owing to improved temperature uniformity and 

consequently more efficient catalyst utilization, as depicted in 

Figure 10 (f).[218] Meanwhile, a major obstacle to the electrification 

of chemical reactors is the high energy cost of electricity 

compared to fuel fuels. Rissman et al. estimated that an 

electrically heated system needs to be 3 times more efficient than 

the fuel-heated equivalent in order for process plant electrification 

to be commercially viable.[219]  

5. Challenges and Opportunities 

5.1. Status of development 

The hydrogen-free reductive CO2 conversion processes 

discussed in this review cover the production of a wide range of 

bulk chemicals. These processes also span a wide spectrum of 

technological readiness levels (TRLs). Therefore, the needs for 

research focus also differs significantly depending on the status 

of development of individual technologies, as shown in Table 1.  

From Table 1, it is apparent that all of the CO2 utilization 

processes reviewd are many pilot-scale demonstrations away 

from commercial deployment, whilst catalyst development 

remains the most important aspect of research in the near future. 
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Amongst these processes, the dry reforming of bio-derived 

feedstocks is the most technologically mature. By conducting 

experimental and computational investigations in carefully 

designed environments, researchers have established profound 

understanding of the structural-functional relationships for DRM 

catalysts, and have developed catalysts with outstanding 

performance accordingly. Current challenges limiting the 

advancement of the DRM technology include the complete 

elimination of carbon formation and developing effective methods 

to manage the strong endothermicity. The catalytic dry reforming 

of other biomass-derived feedstocks (viz. bio-ethanol, bio-glycerol 

and bio-oil) suffer more severely from carbon deposition than 

DRM and require periodic catalyst regeneration (e.g. by steam 

oxidation) to maintain long-term operational stability. The need for 

regeneration, which reduces overall process efficiency, can be 

substantially reduced by designing catalysts that do not coke. 

Moving forward, we anticipate the scientific understanding of 

coking during DRM to facilitate and accelerate the development 

of coke-resistant catalysts for DRE, DRG and DRB applications. 

Table 1. Summary of estimated TRLs of the H2-free CO2 reduction and the key 

research required for making technological breakthroughs. The TRLs are 

estimated following the EU definition.[220] 

Reaction type TRL Research breakthrough required 

Dry reforming 4 - 6 • Eliminate carbon formation 

• Reactor heat management 

CO2-ODH 4 • Improve alkane conversion whilst 
maintaing high selectivity 

• Mitigating carbon deposition  

• Efficient product separation 

OCM 3 - 4 • Improve catalyst formulation to enhance 
methane conversion and C2 yield 

CO2-
epoxidation 

4 • Mitigate carbon deposition 

• Suppress unselective C-C dissociation 

Cyclic 
carbonation 

9 • Avoid the use of co-catalyst 

• Develop heterogeneous catalysts 

Direct CH4-
CO2 coupling 

1 - 3 • Identify reactor configurations for 
improved product yield 

 

 

For CO2-ODH, the desired structures of the active sites, viz. 

bifunctional oxide interfaces consisting of mild acidity and high 

redox activity, have been identified. Based on this understanding, 

researchers have developed catalysts showing high alkene yields 

(>60% in the case of CO2-ODHEB) and near 100% alkene 

selectivities. In contrast, significantly fewer studies have been 

devoted to addressing the issue of catalyst deactivation due to 

coking. Furthermore, the separation and purification of the 

complex product mixtures would give rise to high parasitic energy 

penalties, which could be reduced by novel reactor concepts 

described in section 4. 

Reduction reactions involving C-C coupling (e.g. CO2-OCM, and 

CO2-CH4 coupling) require highly specific active sites, often 

located at oxide-oxide interfaces. Computational methods, such 

as DFT calculations, have been shown effective in identifying and 

evaluating such interfacial active sites. Moving forward, 

substantial research effort is required to develop catalyst 

formulations providing sufficiently high concentration of C-C 

coupling sites, whilst eliminating the presence of any unselective 

active sites, e.g. those catalyzing C-C cleavage. In the case of 

direct CO2-CH4 coupling, much exploratory work  is needed to 

identify the optimal reactor configurations which will give 

practically meaningful product yields.  

5.2. Potential for CO2 reduction 

Several life cycle assessments have been performed on reductive 

CO2 conversion using green hydrogen.[3,4,6,18] These studies 

indicate that techno-commercial feasibility is limited by the high 

cost of green hydrogen, and the unreasonably high electricity 

demand. While the bulk chemical manufacturing processes 

described in this review do not consume hydrogen, most of these 

processes still occur exothermically at high temperatures 

(>500 °C). Only a life cycle assessment explicitly considering 

planetary boundary conditions can address the relative impact of 

chemical synthesis using expensive green hydrogen and excess 

electricity, versus chemical synthesis using hydrogen-free 

processes with higher thermal duties. In the following, we 

estimate the total CO2 abatement potential of the renewable H2-

free CO2 reduction processes discussed in this review.  

Table 2. Estimated CO2 abatement potential and renewable H2 avoidance by 

the synthesizing selected bulk chemicals using captured CO2 as a feedstock 

under the best case scenario. 

Product Reaction GWP 
abatement (t-

CO2/t-
product) 

Total CO2 
abatement 
(Mt-CO2) 

Renewable 
H2 avoided 

(Mt) 

Bio-
syngas 

DRM 2.0 9 0.0 

Bio-
syngas 

DRE 2.0 213 0.0 

Bio-
syngas 

DRG 2.0 8 0.0 

Ethane CO2-OCM 1.6 240 10.7 

Ethylene CO2-ODHE 1.6 240 10.7 

Propylene CO2-ODHP 1.0 109 5.2 

Styrene CO2-
ODHEB 

0.4 15 0.7 

Butadiene CO2-ODHB 1.6 27 0.6 

Ethylene 
oxide 

CO2-EE 2.8 93 0.8 

Propylene 
oxide 

CO2-EP 2.8 29 0.2 

Total - - 984 28.9 

 

In Table 2, we show that the total reduction in cradle-to-gate CO2 

emissions for each product and the alleviated demands for 

renewable H2. The reduction in H2 demand is calculated by 

determining the hydrogen requirements to reduce an equivalent 

amount of CO2 through RWGS. We assume the ideal scenario of 

100% selectivity towards the desired products and that the 

reaction heat is supplied by renewables. The scale of bio-syngas 

production from CO2 is estimated based on the global availability 

of bio-methane, bio-ethanol and bio-glycerol, whereas the 

production scales of other CO2-derived bulk chemicals (e.g. 

alkenes and epoxides) are estimated based on current market 

demand. Using the data in 2017, the H2-free CO2 reduction 

processes covered in this review have an estimated combined 
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abatement potential of 0.98 Gtpa-CO2, which corresponds to (i) 

an 8.4 times increase in CO2 utilization rate compared to current 

practices, (ii) 35% of the total industrial CO2 emission and (iii) 

2.7% of the total anthropogenic CO2 emission.[3,221] Crucially, 

since none of these processes require green hydrogen as inputs, 

these H2-free CO2 reduction processes can potentially reduce 

renewable H2 demand by at least 28.9 Mtpa, which is equivalent 

to renewable energy savings of 1.24 PWh, or 3.78% of the world’s 

total energy consumption by 2030, assuming DOE’s 2020 target 

efficiency of centralized water electrolysis of 43 kWh/kg H2.[6,222] 

6. Conclusions 

In this review, we focus on the challenges and opportunities in 

synthesizing high-volume bulk chemicals (methanol, olefins, 

epoxides) from captured CO2 without direct hydrogen input. 

These synthesis routes produce two marketable streams; namely 

the hydrocarbon products and CO. We discuss how dry reforming, 

dehydrogenation, oxidative coupling, and epoxidation can 

generate these bulk chemicals from captured CO2, biogas, 

biomass, recycled waste, and shale gas. These reactions are 

generally catalyzed by metal nanoparticles on oxide supports 

having Lewis acid, base, and redox sites. Such multi-functional 

active site architectures are required to enable hydrocarbon 

activation (C-H and C-O) on the acid sites, C-C dissociation on 

the metal atoms, and O-CO dissociation on the base/redox sites. 

Tuning the acid site strength has a significant impact on reaction 

selectivity. Moderately acidic sites selectively activate C-H bonds 

while strong acid sites catalyze unselective cracking and deep-

dehydrogenation which engenders coke formation. Designing 

catalysts with high selectivity and coking resistance remain two 

enduring challenges for these CO2 utilization reactions. While 

coking has been mitigated for dry reforming catalysts by using 

molten catalysts[98] or oxy-carbides[99], comparatively limited 

progress has been made in designing coke-resistant catalysts for 

the other high temperature reactions discussed. There is also a 

knowledge gap in performing high-throughput screening of the 

multi-functional catalysts. The field is however at a stage where 

our foundational knowledge acquired through multi-modal 

spectroscopic characterization[223] of the multicomponent oxides, 

and our understanding from increasingly accurate first principles 

computational modeling[224,225] can be translated into robust 

design principles. These design principles which describe acid, 

base, and redox functions using simple physico-chemical 

descriptors can accelerate the hypothesis-based design of stable, 

selective, and active multi-functional catalysts for the 

aforementioned high temperature applications. 

The CO2 utilization reactions reviewed here also have limitations 

on conversions imposed by thermodynamics. Such limitations 

can be circumvented through reaction engineering approaches, 

such as membrane reactors and chemical looping reactors. Both 

reactor concepts could also significantly reduce the cost of 

product separation by inherently avoiding mixing of the reactants. 

In addition, membrane reactors and chemical looping systems 

decouple the redox cycle, thus enabling the design of more 

selective catalysts for CO2 reduction and hydrocarbon oxidation, 

respectively. The decoupling of the redox cycle also provides 

more flexibility in selecting favorable reaction conditions to 

mitigate problems such as carbon deposition. The requirements 

for catalyst formulations in membrane reactors and chemical 

looping are markedly different from conventional packed bed 

reactors used for lab scale catalytic testing. Therefore, more 

catalyst evaluation studies should be performed in these new 

reactor configurations. To minimize the overall CO2 footprint, it is 

also preferable to meet the energy requirements of the 

endothermic reactions using renewable energy. Some 

approaches that have been successfully integrated with chemical 

reactions include solar thermal heating, and resistive hearing 

using renewable electricity.     
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This review discusses the advances so far, and the future research required for the large-scale deployment of reductive CO2 

utilization processes that circumvent the requirement for renewable hydrogen. By developing high performance catalysts and highly 

efficient reactor systems, we envisage a potential to reduce the CO2 footprint of the chemical industry by 1 Gtpa, whilst avoiding the 

need for 29 Mtpa of renewable H2. 
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